To understand the energy conversion activities of the anaerobic sulfate-reducing bacteria, it is necessary to identify the components involved in electron flow. The importance of the abundant type I tetraheme cytochrome c 3 (TpIc 3 ) as an electron carrier during sulfate respiration was questioned by the previous isolation of a null mutation in the gene encoding TpIc 3 , cycA, in Desulfovibrio alaskensis G20. Whereas respiratory growth of the CycA mutant with lactate and sulfate was little affected, growth with pyruvate and sulfate was significantly impaired. We have explored the phenotype of the CycA mutant through physiological tests and transcriptomic and proteomic analyses. Data reported here show that electrons from pyruvate oxidation do not reach adenylyl sulfate reductase, the enzyme catalyzing the first redox reaction during sulfate reduction, in the absence of either CycA or the type I cytochrome c 3 :menaquinone oxidoreductase transmembrane complex, QrcABCD. In contrast to the wild type, the CycA and QrcA mutants did not grow with H 2 or formate and sulfate as the electron acceptor. Transcriptomic and proteomic analyses of the CycA mutant showed that transcripts and enzymes for the pathway from pyruvate to succinate were strongly decreased in the CycA mutant regardless of the growth mode. Neither the CycA nor the QrcA mutant grew on fumarate alone, consistent with the omics results and a redox regulation of gene expression. We conclude that TpIc 3 and the Qrc complex are D. alaskensis components essential for the transfer of electrons released in the periplasm to reach the cytoplasmic adenylyl sulfate reductase and present a model that may explain the CycA phenotype through confurcation of electrons. E nvironmental impacts of the sulfate-reducing bacteria (SRB), such as the formation of toxic sulfide and corrosion of metals, stem from SRB sulfate respiration and from vigorous metal metabolism, including both reduction and oxidation. The involvement of these bacteria in microbially influenced metal corrosion (1, 2) and their possible application for the remediation of toxic metal-contaminated environments (3, 4) have driven a systems biology investigation of their metabolism. To predict or control metabolic capabilities for beneficial environmental purposes, the bioenergetic pathways of the SRB need to be elucidated in more detail.
E
nvironmental impacts of the sulfate-reducing bacteria (SRB), such as the formation of toxic sulfide and corrosion of metals, stem from SRB sulfate respiration and from vigorous metal metabolism, including both reduction and oxidation. The involvement of these bacteria in microbially influenced metal corrosion (1, 2) and their possible application for the remediation of toxic metal-contaminated environments (3, 4) have driven a systems biology investigation of their metabolism. To predict or control metabolic capabilities for beneficial environmental purposes, the bioenergetic pathways of the SRB need to be elucidated in more detail.
Typically, SRB of the genus Desulfovibrio use H 2 , organic acid substrates, formate, or short-chain alcohols as electron donors for sulfate reduction, a process that occurs in the cytoplasm and is mediated by soluble enzymes. With hydrogen as the source of electrons, at an environmentally relevant partial pressure of 10 Pa (reduction potential [E=] ϭ Ϫ300 mV) (5), the first two-electron reduction of sulfate to sulfite (E 0 = ϭ Ϫ516 mV) cannot be accomplished without an additional energy input. Sulfate is activated at the expense of two ATP equivalents through the activity of sulfate adenylyltransferase (equation 1), producing adenosine phosphosulfate (APS), which increases the redox potential of the APS/ HSO 3 Ϫ couple to Ϫ60 mV (5, 6) , allowing reduction by electrons from H 2 or organic electron donors. The APS is reduced by APS reductase, generating sulfite and AMP (equation 2). Finally, the six-electron reduction of sulfite to sulfide (E 0 = ϭ Ϫ116 mV) is carried out by dissimilatory sulfite reductase (equation 3) and is apparently coupled to electron transport-linked phosphorylation. Although the immediate electron donor for this reaction is not proven, electrons from H 2 can support this reduction.
SO 4
2Ϫ ϩ ATP ϩ 2H ϩ → APS ϩ PP i ⌬G°Ј ϭ ϩ46 kJ ⁄ mol (1) APS ϩ 2e Ϫ ϩ 2H ϩ → HSO 3 Ϫ ϩ AMP ϩ H ϩ ⌬G°Ј ϭ Ϫ68 kJ ⁄ mol (2) SO 3 2Ϫ ϩ 3H 2 ϩ 2H ϩ → H 2 S ϩ 3H 2 O ⌬G°Ј ϭ Ϫ179 kJ ⁄ mol (3) Members of the genus Desulfovibrio have been widely used as experimental models for biochemical and molecular studies of sulfate reduction because these strains have been easy to cultivate and were the first to be genetically manipulated (7, 8) . Desulfovibrio strains incompletely oxidize the preferred substrates lactate and pyruvate (9) (10) (11) , as shown in equation 4 for lactate.
lactate
Ϫ ϩ SO 4 2Ϫ ϩ 2H ϩ → 2 acetate Ϫ ϩ 2CO 2 ϩ H 2 S ϩ2H 2 O ⌬G°Ј ϭ Ϫ175.6 kJ ⁄ mol H 2 S (4)
The enzyme for the oxidation of lactate is a cytoplasm-facing membrane-associated pyridine nucleotide-independent lactate dehydrogenase (11, 12) , but the gene encoding the enzyme has yet to be unequivocally identified. Oxidation of pyruvate to acetyl coenzyme A (acetyl-CoA) and CO 2 is carried out by the soluble pyruvate:ferredoxin oxidoreductase. In addition to growth by sulfate reduction, many of the Desulfovibrio species can ferment lac-tate (11) or pyruvate (10) , with substrate-level phosphorylation conserving the energy of acetyl-CoA (equations 5 and 6). (6) For electrons from hydrogen to be used for sulfate reduction, it is presumed that oxidation of H 2 takes place in the periplasm, where there are multiple isozymes of hydrogenase (13, 14) . If true, pathways must exist for electron flow from the periplasm to the cytoplasm, where sulfate reduction occurs. In contrast, oxidation of organic acids proceeds in the cytoplasm. The energy obtained from oxidation of lactate and pyruvate (15) has been proposed to involve a hydrogen cycling mechanism that contributes to the metabolic energy available during sulfate reduction (16) . In this model, electrons from the oxidized organic acids would be used for the production of hydrogen by the activity of cytoplasmically located hydrogenases. The hydrogen could diffuse to the periplasm, where oxidation by one or more of the various hydrogenase isozymes would recapture the electrons for sulfate reduction and leave the protons to contribute to the proton motive force. Even though evidence for the functioning of such a process was obtained with cells growing on pyruvate (16) , sequencing of SRB genomes (14, 17, 18) has not revealed conserved genes for cytoplasmic hydrogenases that might be expected if this metabolism were essential to energy conversion during sulfate respiration. It is significant that among the sulfate-reducing bacteria there are two conserved transmembrane complexes (TMCs), QmoABC and DsrMKJOP, which have been predicted to provide membrane conduits for the electrons required for APS reductase and bisulfite reductase, respectively (5, 13, 14, 19) . Although the QmoABC complex has been shown to be essential for sulfate reduction (20) , electron delivery to and from this TMC has not been established.
Recently, a third TMC, QrcABCD, has been described in two Desulfovibrio spp. and has been shown to be specifically associated with sulfate respiration (21) . It appears that the Qrc complex accepts electrons from periplasmic hydrogenases and formate dehydrogenases via type I tetraheme cytochrome c 3 (TpIc 3 ), acting as a TpIc 3 :menaquinone oxidoreductase (14, (21) (22) (23) . All three TMCs, Qmo, Dsr, and Qrc, contain subunits binding b-type hemes, from which we infer their involvement in electron transfer to or from the menaquinone pool, thus potentially participating in the energy-conserving redox loop that may operate during sulfate reduction (24) .
With the availability of complete genome sequences for a number of SRB, the use of a systems biology approach for exploring electron pathways is now possible. The work here focuses on Desulfovibrio alaskensis G20 (17) (formerly Desulfovibrio desulfuricans G20) for which mutants lacking the abundant TpIc 3 (Dde_1382; M r , 13,000), CycA mutants, are available (25, 26) . This tetraheme cytochrome is the most abundant c-type cytochrome in the periplasm of Desulfovibrio spp. (27) and has been suggested to be an electron reservoir or function as a periplasmic capacitor (18) providing electrons to (or receiving electrons from) a number of transmembrane complexes. Here we explore the alterations in electron flow in G20 resulting from the elimination of TpIc 3 or QrcA. We have found physiological evidence that both the cytochrome and Qrc complex are essential for growth by sulfate respiration with H 2 or formate and play important roles in the flow of electrons from pyruvate to APS reductase for sulfate reduction. An absence of TpIc 3 may also affect gene transcription by altering the redox status of the cell.
MATERIALS AND METHODS
Bacterial strains. Table 1 lists the strains and plasmids used in this study. Strain G20 (originally considered D. desulfuricans but now renamed D. alaskensis G20 [17] ) was derived from a Desulfovibrio desulfuricans G100A strain isolated from a petroleum well corrosion site (28) . The G20 strain is a spontaneously nalidixic acid-resistant isolate that is also cured of the cryptic endogenous, 2.3-kb plasmid pBG1 (29, 30) . This small plasmid has provided an SRB replicon for use in construction of shuttle vectors for SRB (29) . I2 is a mutant derived from G20 through plasmid insertion and interruption of the gene encoding the type I tetraheme c-type cytochrome TpIc 3 (cycA, Dde_3182) (26) . Recombination events have been documented in I2 maintained under plasmid-encoded antibiotic selection that restored a complete cycA gene without removal of the plasmid insert from the genome (26) . Throughout these studies, care was taken to monitor and minimize the suppressor population by maintaining antibiotic selection and avoiding extensive exposure to electron donor-limiting conditions.
The G20 cycA::mini-Tn10 (Dde_3182) mutant was graciously provided by L. Krumholz (25) , and the qrcA::mini-Tn5 mutant (Dde_2932) was generously made available to us by A. Deutschbauer from a G20 transposon library constructed as described by Oh et al. (31) .
Media and culture conditions. Cultures of G20 and the constructed mutants were routinely grown anaerobically in a defined medium designated MO basal salts (20) . MO basal salts were amended to contain various electron donors and acceptors at the following concentrations: lactate-sulfate medium contained sodium lactate at 60 mM and Na 2 SO 4 at 30 mM, and pyruvate-sulfate medium contained sodium pyruvate at 60 mM and Na 2 SO 4 at 15 mM. In lieu of Na 2 SO 4 , 30 mM Na 2 SO 3 was used in medium designated lactate-sulfite and 15 mM Na 2 SO 3 replaced Na 2 SO 4 to make pyruvate-sulfite medium. Culture medium used for growth not dependent on the reduction of sulfur oxides was MO basal salts with 60 mM sodium pyruvate (for fermentation) or 60 mM sodium fumarate (for disproportionation). The formate growth medium contained 20 mM acetate to supplement 50 mM formate and 30 mM Na 2 SO 4 . H 2 growth medium contained 30 mM Na 2 SO 4 and 20 mM acetate with 80% H 2 -20% CO 2 in the headspace. The Na 2 SO 3 , sodium pyruvate, and sodium fumarate were prepared immediately before use, filter sterilized, and added to sterile medium. The pH values of all media were adjusted to 7.0 to 7.2 before use. Prior to inoculation, all liquid media were reduced with Na 2 S at a final concentration of 0.5 mM from an anoxically prepared and maintained 100 mM Na 2 S stock solution, unless stated otherwise. In media that lacked sulfur oxides as terminal electron acceptors, the added Na 2 S also provided a sulfur source for growth. When deviations from these medium compositions were used, they are indicated.
Rich medium was any medium modified by addition of yeast extract to a final concentration of 0.1% (wt/vol). For plating, agar was added to 1.5% (wt/vol) to solidify the medium that was reduced with 7.5 ml per liter of 2.5% (wt/vol) cysteine-HCl, pH 7.0. Culture manipulations were carried out in an anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI) that was kept at ϳ34°C and that had an atmosphere of ca. 5% (vol/ vol) hydrogen in nitrogen.
To determine growth rates and final culture densities, 5-ml cultures were grown at 34°C in 27-ml glass tubes (17 by 150 mm; Bellco Glass, Vineland, NJ), and growth was monitored as increases in culture turbidity (optical density at 600 nm [OD 600 ]). These tubes had crimp-sealed stoppers and were flushed with N 2 to establish a 100% N 2 headspace. For fermentation of cultures, the headspace-to-culture volume was maintained at a ratio of 4:1. To test growth on H 2 , 10-ml cultures were incubated at 37°C in tubes placed horizontally to increase surface area gas exchange. The final extent of growth was established by Bradford protein determinations (32) with bovine serum albumin as the standard.
Escherichia coli strains were cultured aerobically in LC medium (10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter) at 37°C. Following transformations, E. coli cultures were recovered in SOC medium (20) and plated on LC medium solidified with 1.5% (wt/vol) agar containing 50 g kanamycin/ml or 100 g spectinomycin/ml.
Complementation of I2, cycA::mini-Tn10, and qrcA::mini-Tn5 mutants. Complementing plasmids for the cycA and qrcA mutants were constructed either by the use of restriction digests with ligation or by the sequence-and ligation-independent cloning method (33), as outlined in the methods described in the supplemental material and Fig. S1 , and designated pMO738 and pMO756, respectively (Table 1) .
HPLC methods. Identification and quantification of metabolites produced by respiring or fermenting cultures were performed by high-pressure liquid chromatography (HPLC) ( Table 2 ). Cell-free filtrate samples (10 l) were injected onto an Aminex HPX-76H column (300 by 7.8 mm; Bio-Rad, Hercules, CA) maintained at 50°C. All HPLC components and data analysis software were from Shimadzu Scientific Instruments, Inc. (Columbia, MD). The mobile phase was 2.5 mM H 2 SO 4 and was maintained at a constant flow rate of 0.6 ml/min and at approximately 2.2 MPa. Quantification of metabolites was calculated from standard curves of pure compounds established for both a UV detector (at 210 nm) and a refractive index monitor. The reproducibility of technical replicates was within Ϯ5%.
Gas detection. Gases from the headspace of sealed cultures were identified with an SRI Instruments (Torrance, CA) model 8610C gas chromatograph fitted with two detectors: a reduced gas detector (RGD) with an Alltek (Fisher Scientific) molecular sieve 5A 80/100 column and a flame photometric detector (FPD) on a Restek (Bellefote, PA) 60-m MXT-1 column. The injector-detector oven was kept at 70°C, and helium was the carrier gas for both detectors.
H 2 and CO were measured on the RGD with 500-l sample injections from the culture headspace. Generally, the H 2 produced prevented accurate quantification of the CO being produced; therefore, a notation of not detected or detected but not quantified was made for CO ( Table 2 ). The FPD was used to detect H 2 S. The chromatography acquisition and integration software used was PeakSimple (version 3.56) from SRI instruments.
Cultures for metabolite analysis. For end product analysis of cultures at the same optical densities as those of the fermentor cultures used for omics studies, duplicate 200-ml cultures for each medium were grown in modified stoppered and crimp-sealed 225-ml glass bottles at 34°C. Stoppers contained a bleed line allowing the gases generated by the cultures to be collected by water displacement in graduated cylinders as they were produced. The gaseous end products were predicted to be a mix of H 2 , CO 2 , CO, and H 2 S. As cultures grow by sulfate respiration, they become basic (about pH 7.3 at an OD 600 of 0.5). The pK a1 of H 2 S is 7.04, and that of H 2 CO 3 is 6.37; therefore, the H 2 S and CO 2 would be about 65 and 89% in solution, respectively, and the collected gas would be predominantly H 2 and CO. CO 2 and H 2 S were scrubbed from the evolved gas by bubbling through 5 N NaOH. Because preliminary experiments had shown that CO concentrations were low, the amount of H 2 produced was calculated by use of the ideal gas law. Curiously, no H 2 S gas was present in the nonscrubbed culture headspace; therefore, only dissolved H 2 S was quantified according to the method of Cord-Ruwisch (34). The CO 2 concentration was assumed to be that of the acetate produced by the oxidation of the lactate or pyruvate minus the concentration of any measured C 4 products. The sulfate-grown cultures were harvested when their growth reached an OD 600 of ϳ0.5, with the exception of I2 on pyruvate-sulfate, which was harvested when its growth reached an OD 600 of 0.17. Cells fermenting pyruvate were harvested at an OD 600 of ϳ0.2. Calculations for mass balance were made from the concentrations of all remaining substrates and products in the cultures.
Cultures for transcriptomic and proteomic analyses. D. alaskensis G20 biomass for use in transcriptomic and proteomic analyses was generated at Oak Ridge National Laboratory in BioFlo110 7.5-liter fermentors (New Brunswick Scientific, Edison, NJ). The medium contained resazurin (0.00003%, wt/vol) and cysteine-HCl (0.35 mg/ml, added after sterilization). Prior to inoculation, the fermentors were sparged with filter-sterilized prepurified N 2 gas for about 15 h. Gas flow was continued throughout cultivation to maintain a positive pressure in the fermentor and to prevent possible growth inhibition by gaseous end products. Gases were vented from the fermentors via chilled condensers. Fermentor pHs were maintained at 7.2 by automatic titration of 2 M NaOH or 2 M HCl, cultures were agitated at 200 rpm, and temperatures were held at 34°C with a Neslab Merlin M-150 refrigerated recirculator (Thermo Fisher Scientific, Newington, NH). Inocula were grown to mid-exponential growth phase in the medium of the experiment. Initial cell densities were an OD 600 of approximately 0.03 to 0.05. Replicate cultures, four for G20 and three for the CycA mutant, were grown in lactate-sulfate medium, and duplicate cultures of both strains were grown in pyruvate medium. Lactate-sulfate cultures were harvested at an OD 600 of 0.5, and pyruvate cultures were harvested at an OD 600 of 0.2.
The microarray samples were 50-ml culture aliquots which were harvested by centrifugation at 14,500 ϫ g for 2 min at 4°C. Cell pellets were subsequently rapidly frozen in liquid nitrogen and stored at Ϫ80°C until used for microarray analysis. Proteomic samples were 250-ml culture aliquots similarly harvested, except that centrifugation was at 10,400 ϫ g for 4 min.
Microarray analysis. Total cellular RNA isolation, genomic DNA extraction, and subsequent Cy5-dUTP or Cy3-dUTP labeling of cDNA or genomic DNA, respectively, were performed as described previously (35) . Oligonucleotide probes (70-mers) had been designed for 3,532 of the predicted 3,775 protein-coding sequences in the first annotation of the G20 genome (NCBI accession number CP000112) with CommOligo software (36) . Oligonucleotide probes were synthesized without modification (Invitrogen, Carlsbad, CA) and were spotted onto UltraGAPS glass slides (Corning Life Sciences, Corning, NY) in duplicate with a BioRobotics Microgrid II microarrayer (Genomic Solutions, Ann Arbor, MI). DNA microarray hybridizations were carried out as described previously (35), with the exceptions that the hybridization solutions contained 30% (vol/ vol) formamide and were carried out at 45°C with active mixing by a Hybridization System 12 mixer (Roche NimbleGen, Inc., Madison, WI). The G20 DNA microarrays were washed according to the slide manufacturer's instructions (Corning Life Sciences) and dried with an automated wash system (BioMicro Systems, Inc., Salt Lake City, UT). DNA microarrays were scanned and quantified as reported previously (35) . JMP Genomics software (version 4.0; SAS Institute, Cary, NC) was used for statistical analyses with the JMP Genomics standard normalization procedure. An analysis of variance (ANOVA) was performed to determine significant differential gene expression by the false discovery rate method. Genes displaying a statistically significant change (P Ͻ 0.01) in expression with a change in magnitude of Ն2-fold were considered significant in this study. The genes presented in Tables 3 and 4 e The H 2 was collected, and the amounts (mmol) produced in a 200-ml culture were calculated by use of the ideal gas law.
f No H 2 S was detected in the collected gaseous end products, and dissolved H 2 S was quantified (34). The 0.5 mM sulfide added at the time of inoculation, to reduce the medium and to provide a sulfur source for fermenting cultures, was subtracted from the sulfide concentration measured at harvest. The lower limit of detection in this experiment was 0.5 mM.
g The carbon recovered in culture filtrates was the ratio of the concentration of carbon present in measured end products and the remaining unused substrate to the initial concentration of carbon provided as the electron donor. For the purpose of this calculation, it was assumed that as a primary end product of organic acid oxidation, the CO 2 concentration was essentially equal to that of the acetate generated during growth minus the concentration of any other C 1 or C 4 end products, such as formate, fumarate, and succinate, which were identified and quantified by HPLC. The amount of carbon present in the biomass produced was not taken into account in these calculations. h Reductant recovery was the ratio of the number of mole equivalents of electrons in the measured end products as well as the electrons remaining in unused substrate to the total number of moles of electrons available for consumption in the substrate added. i Measured concentrations of electrons and the carbon donor determined by HPLC, corrected for inoculum carryover, and calculated concentrations of sulfate in the growth media for G20 and I2 at the initiation of growth.
modifications by M. Price (personal communication; see Table S2 in the supplemental material). Validation of the microarray data was carried out by comparison of the results to those obtained by quantitative reverse transcription-PCR (qRT-PCR) analysis of the transcripts of nine genes representing the range of expression levels in the microarray data (see Table S5 in the supplemental material) (37) . Values of log 2 R, where R is the ratio of CycA mutant transcripts/G20 wild-type transcripts of those genes from cells grown in lactate-sulfate or pyruvate medium, were generated. The microarray log 2 R values were plotted against those from qRT-PCR. Comparison of the two methods indicated a correlation coefficient for transcripts from lactate-sulfate-grown cells of 0.91 and a correlation coefficient for transcripts from pyruvate-grown cells of 0.99 (see Fig. S2 in the supplemental material) (37) .
Accurate mass tag and time proteome analysis. Proteomic analyses of cell pellets were performed by the Environmental Molecular Science Laboratory of the Pacific Northwest National Laboratory (38) according to the following protocol. Whole-cell lysis of quick-frozen cell pellets from D. alaskensis G20 was achieved by bead beating as previously described (39) . Tryptic digestion of the released proteins utilized sequencing-grademodified trypsin (Promega, Madison, WI) in a 5-h digestion at 37°C with a 1:50 (wt/wt) trypsin-to-protein ratio (40) . Samples were then quickfrozen in liquid N 2 and stored at Ϫ80°C until analyzed. Protein concentrations were determined by use of a bicinchoninic acid assay kit (Pierce, Rockford, IL).
The capillary liquid chromatography system used for peptide analysis was described previously (40) . Briefly, peptide samples were chromatographed on 5,000-psi reversed-phase packed capillaries at ϳ1. (41) with two mobile-phase solvents, with the first consisting of 0.2% (vol/vol) acetic acid and 0.05% (vol/vol) trifluoroacetic acid (TFA) in water and the second consisting of 0.1% (vol/vol) TFA in 90% acetonitrile-10% water. The linear ion trap Fourier transform mass spectrometer (LTQ-FT) data were processed by the Prism data analysis system as described previously for the liquid chromatography (LC)-Fourier transform ion cyclotron resonance (FTICR) mass spectrometry (MS) data (40) . Since the separation systems for both the LTQ-FT and the LC-FTICR-MS analyses were identical, peptide confirmation was based on both the calculated mass (from the mass tag database) and the measured mass (from the FTICR analysis) of the peptide matching to within 6 ppm and the elution times matching to within 5%. The mass spectrometer measurements were analyzed with the SEQUEST program (42) and the D. alaskensis G20 database (39) , and all data tables used the 2011 reannotation (17) with additional reannotations by M. Price (personal communication; see Table S2 in the supplemental material). Mass spectra were acquired with a resolution of approximately 10 5 (the instrument detected signals with Ϯ0.005 m/z precision).
The peptide identifications were made with the spatially localized confidence scoring (SLiC) algorithm (38, 40) , which incorporates a number of constraints and estimates the confidence of each peptide identification by yielding a score of 0 to 1. In this work, a minimum SLiC score of 0.3 (default) or higher was required for confident identification (38, 40) . Further, at least one high-confidence unique peptide (i.e., a peptide mapping to only one possible parent protein) and a total of two peptides were required for protein identification in each technical replicate.
Each peptide preparation was injected onto the mass spectrometer three times to yield triplicate MS data sets for each biological replicate. These data sets were then interrogated at the peptide level with the confidence measures described above applied and then rolled up to the protein level. To meet our standard for a high level of confidence, at least two of the biological replicates must have identified the protein, and the variation for the protein abundance in biological replicates had to be within 1 standard deviation of the average.
To compare protein abundance data from cultures grown with lactate-sulfate medium with those from pyruvate-fermenting cells, we made the assumption that the majority of protein concentrations would be similar under the two conditions. Therefore, we averaged the abundances of all proteins meeting our identification criteria under each growth condition and found that the protein abundances from cells grown on lactatesulfate were an average of 4.716-fold higher than those from fermenting cells. We then normalized the data from pyruvate-grown cultures by multiplying all protein abundance numbers by 4.716. Normalized abundances are reported in all tables presented here, with the exception of the complete lists of original data (see Tables S6, S7 , S8, and S9 in the supplemental material).
The normalized data were used to generate ratios of relative protein abundance between the G20 and CycA mutant (I2) strains and between different cultivation conditions with each strain. Log 2 values of the ratio of I2/G20 abundance of ϾԽ1.00Խare reported (Tables 3 and 4 ; see Table S4 in the supplemental material). It should be noted that four biological samples were analyzed for the lactate-sulfate cultures of G20, whereas three biological samples were analyzed for the lactate-sulfate cultures of I2. Only two biological samples were obtained for fermenting cultures of each strain; therefore, a protein had to be confidently determined in both biological replicates of the fermenting cultures to be included in the ratios for relative abundances.
For malic enzyme isozymes (Dde_1253 and Dde_3637) ( Table 4) , two identical peptides were found in both. One of the shared peptides was found in abundances that were higher by 3 to 14 times the standard deviation of the average abundances of other peptides identifying these proteins. This shared peptide was removed from the abundance data calculation for both isozymes, and new averages were determined. Corrected values were reported.
Microarray data accession number. The data discussed in this publication have been deposited in the NCBI Gene Expression Omnibus (GEO) database http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO series accession number GSE21287.
RESULTS
We previously reported the construction of a D. alaskensis G20 mutant, I2, that had a plasmid insertion in the cycA gene causing a loss of TpIc 3 (26) . To examine the consequences of the loss of TpIc 3 on energy conversion, we explored the rates and extents of growth by respiration versus those by fermentation (Fig. 1A) . When respiring sulfate with electrons from lactate, I2 had a generation time that was slower than that of G20 by about 60% (5.0 Ϯ 0.4 h for I2 versus 3.1 Ϯ 0.3 h for G20), but the final cell densities obtained were essentially the same. When fermentative capacity on pyruvate was tested, limited growth of both strains was observed, but growth was at similar rates for the two strains and the cell densities obtained were nearly the same ( Fig. 1C; Table 2 ). Thus, TpIc 3 is not required for sulfate respiration with lactate or for pyruvate fermentation by G20.
The most dramatic growth effect caused by the elimination of TpIc 3 was the limited growth on pyruvate with sulfate (Fig. 1B) . On that medium, I2 grew much slower than G20 and yielded only 14% of the cell protein of G20 (Table 2) . When a plasmid carrying the wild-type TpIc 3 was introduced into I2, growth on pyruvate sulfate was restored to wild-type G20 levels (data not shown). The differences in sulfate respiration with lactate versus pyruvate were not anticipated since pyruvate is the oxidation product of lactate. In addition, I2 grew on lactate-sulfate medium, producing acetate and generating sulfide to a concentration that necessitated electrons from pyruvate. The growth of I2 that did occur in pyruvatesulfate medium was not accompanied by the blackening of the cultures expected when sulfide was generated. Measurements of dissolved sulfide when I2 was grown on pyruvate in the presence of sulfate confirmed that I2 did not produce sulfide (Table 2) . From these observations, we deduced that I2 might be involved in oxidizing the pyruvate but not respiring the sulfate. Analysis of metabolic end products during growth. If TpIc 3 were a significant component of electron transfer pathways in G20, we predicted that its absence might alter the array of reduced end products made during either respiration or fermentation or perhaps during both. Therefore, we examined the consumption of substrates and metabolites released to identify any major changes in reduced products ( Table 2 ). Recoveries of carbon varied from 95 to 102%, and reductant recoveries were 95 to 112%. As expected, some of the electrons released from organic acids accumulated as hydrogen or formate. During lactate-supported respiration of sulfate by either G20 or I2, only 5 to 12% of the electrons were released as hydrogen. In contrast, G20 fermentative cultures produced almost equal quantities of electrons in hydrogen and formate (47 and 43%, respectively). Cultures of I2 grown with a The data presented here are supporting data for Fig. 3 . The protein abundance values given in Fig. 3 were chosen for the most abundant isozyme for that reaction, and the locus, protein name, annotation, and data are highlighted in bold. b A through J designate the reactions illustrated in Fig. 3 g NR, data did not meet the criteria for reproducibility. h I, log 2 R was not meaningful since protein was detected only in the I2 culture. i ND, no protein was detected in either G20 or I2 or the data did not meet the confidence criteria. j G, log 2 R was not meaningful since protein was detected only in the G20 culture.
pyruvate-sulfate medium produced about 88% of the electrons from oxidized pyruvate as hydrogen, with the remaining 12% of the electrons from oxidized pyruvate as formate, quite similar to the distribution of electrons found during fermentation of pyruvate by the mutant (87% hydrogen and 13% formate) ( Table 2) . On this medium, no sulfide was produced and no sulfite accumulated with an assay that was sensitive to 20 M (43). I2 grown with lactate or pyruvate with sulfite produced sulfide (data not shown). These results were consistent with the lack of sulfate (or APS) reduction by the mutant when pyruvate was the electron donor. One additional feature distinguished the lack of TpIc 3 . No C 4 intermediates from the reductive branch of the tricarboxylic acid (TCA) pathway were observed in cultures of the mutant. Small amounts of malate, fumarate, or succinate were generally observed in culture filtrates of G20, regardless of the growth mode or substrate.
From the growth and end product comparison, we concluded that TpIc 3 is not required for sulfate reduction when lactate is the electron donor but that the flow of electrons from pyruvate to sulfate is disrupted in D. alaskensis G20 in the absence of this cytochrome. The growth by pyruvate fermentation of the mutant lacking TpIc3 was equal to that documented for the wild type, but its absence may influence the reduced end products that accumulate.
Confirmation of the I2 phenotype with cycA::mini-Tn10. Because the phenotype of I2 was rather surprising, we obtained a second cycA mutant induced in G20 by a mini-Tn10 transposon (25) to test. If the growth phenotypes differed, this result might indicate that I2 had secondary mutations contributing to the growth characteristics. We characterized the physiology of the transposon mutant like we did that of I2, and in all respects, the two CycA mutants were similar in phenotype (data not shown).
Growth on H 2 and formate by G20 and CycA mutants. Metabolite analysis indicated that G20 accumulated a smaller percentage of available reductant in H 2 than I2 in all media tested (Table 2 ). In contrast, formate accumulation was decreased in the mutant under pyruvate-only conditions. Both H 2 and formate are known to be oxidized by most Desulfovibrio species (13, 14) , and therefore, the differential accumulation of these reduced products might indicate an alteration in their oxidation. Both G20 and I2 were tested for their growth rates and extents with H 2 or formate as the electron donor. G20 grew well when supplied with either H 2 or formate supplemented with acetate and Na 2 SO 4 ( Fig. 2A and  B) . To test the effect of the loss of TpIc 3 on growth on H 2 or formate, the more stable cycA::mini-Tn10 mutant was used. That mutant did not grow on formate or H 2 ( Fig. 2A and B) , which confirmed that the electrons generated in the periplasm could not reenter the cytoplasm for sulfate reduction without TpIc 3 .
Growth on fumarate by G20 and the I2 mutant. Since C 4 compounds of the reductive TCA branch did not accumulate in I2 cultures, regardless of growth mode or electron donor (Table 2) , we considered that I2 had altered fumarate metabolism. The growth of SRB by fumarate disproportionation has been described previously (53) , where 3 fumarate ¡ 1 acetate ϩ 2 succinate ϩ 2 CO 2 . When G20 grown in lactate-sulfate was inoculated into fumarate medium, robust growth occurred after a lag (data not shown) and the expected primary end products of succinate and acetate accumulated in the predicted 2:1 ratio as the cells entered stationary phase (data not shown). The CycA mutants, both I2 and the transposon mutant, were not able to adapt to growth by fumarate disproportionation. Omics analyses (Table 3 , discussed later) indicated decreases in both transcription of the genes and translation of the mRNAs encoding the putative pathway for fumarate disproportionation in the TpIc 3 mutant. We hypothesize that these decreases result from an alteration in redox balance across the membrane. Phenotype of qrcA::mini-Tn5 mutant. The transmembrane complex QrcABCD has been proposed to accept electrons from the periplasm via TpIc 3 (21, 23) . If this is true and if this complex forms a unique conduit of electrons to APS reductase, a mutant lacking a functional Qrc complex should have a phenotype like that of the null mutant of cycA. We tested a QrcA transposon mutant (A. Deutschbauer, unpublished data) generated by insertion of a modified mini-Tn5 (22, 44) and found that it exhibited growth inhibition on H 2 and impaired growth on formate with sulfate as the electron acceptor (data not shown), confirming similar observations by Krumholz and coworkers (22) . Our results are consistent with the suggested interaction of the periplasmic TpIc 3 and the QrcABCD transmembrane complex providing electrons for sulfate reduction (21) . An additional similarity with the phenotype of the CycA mutant was that the QrcA mutant was found to be unable to grow by disproportionation of fumarate.
Transcriptomic analysis of differentially expressed genes in I2. To evaluate the causes of the altered growth properties of D. alaskensis G20 lacking TpIc 3 , changes in the gene expression and protein content of I2 respiring sulfate or fermenting pyruvate were identified. Microarrays were performed with transcripts from four biological replicates of G20 cells and three biological replicates of I2 cells grown in temperature-and pH-controlled fermentors on lactate-sulfate medium. Twenty-two genes meeting our criteria for significance were differentially transcribed by at least 2-fold (log 2 R Ն Խ1.0Խ) in I2 versus G20 (see Table S3 in the supplemental material). Eight of the 13 genes that were upregulated in I2 (in the region from Dde_0899 to Dde_0930) appeared to be in a region encoding a bacteriophage. The remaining five were hypothetical genes in regions lacking functionally annotated genes. Among the genes downregulated in I2 was a prominent group of six genes encoding enzymes involved in energy metabolism, the reductive branch of the TCA cycle, fumarate hydratase, fumarate reductase, and a malic enzyme (Dde_1258 to Dde_1253) (see Table S3 in the supplemental material). This decrease in transcription correlated well with the observation that I2 did not appear to produce these C 4 organic acids while reducing sulfate with lactate as the electron donor or to grow by fumarate disproportionation. Also downregulated were two genes of a predicted three-gene operon (Dde_1252 to Dde_1250) encoding a malatefumarate uptake transporter (or antiporter with succinate) and two subunits of an electron-bifurcating transhydrogenase 2, NfnA-2 and NfnB-2 (45) (reannotated by M. Price, personal communication; see Table S2 in the supplemental material).
Results of the examination of transcriptional changes showed that many more genes were transcribed differentially in I2 grown by pyruvate fermentation than in sulfate-respiring I2 cells compared with the results for G20. Forty-eight genes were upregulated in I2 at least 2-fold, whereas 57 were downregulated (see Table S3 in the supplemental material). The operon with the largest increased expression in I2 encodes a periplasmic formate dehydrogenase complex (Dde_0717 to Dde_0719) (see Table S3 in the supplemental material). Surprisingly, there was not an increased accumulation of formate in fermenting I2 cultures relative to fermenting G20 cultures (Table 2) ; however, product accumulation may not reflect changes in flux. Also during pyruvate fermentation, there was increased transcription in I2 of the two-gene operon (Dde_3028-Dde_3029) encoding CooS, the carbon monoxide dehydrogenase, and CooC, the nickel insertion accessory protein for CO dehydrogenase (see Table S3 in the supplemental material). However, no CO was detected in either G20 or I2 cultures that were growing on pyruvate (Table 2) .
Showing the greatest decrease in transcription in fermenting I2 cells were the nine genes that apparently encode the functions necessary for fumarate disproportionation and succinate production from pyruvate, Dde_1250 to Dde_1258 (Table 3; see Table S3 in the supplemental material). This expression change is apparently not dependent on the growth mode of the cells but is a result of the mutation in cycA eliminating TpIc 3 .
Proteomic analyses of differentially accumulated proteins in I2. Accurate mass tag and time proteomics analyses were performed on culture samples obtained at the same ODs as those used for the transcriptome determinations. The total numbers of proteins identified and those meeting our criteria for confident identification are given in Table S10 in the supplemental material. Similar numbers of proteins were identified in G20 and I2, whereas 20 to 25% more proteins were identified in cultures from the lactate-sulfate medium than pyruvate-grown cultures. In the sulfate-respiring cultures, nearly 85% of the proteins identified met our criteria for confident identification; only 53% did so in the samples of pyruvate-fermenting cells, where fewer biological replicates were processed.
Among proteins with 2-fold or greater putative abundance differences in sulfate-respiring I2 versus sulfate-respiring G20 (Table  3; see Table S4 in the supplemental material), prominent increases were observed for a formate dehydrogenase encoded in three genes (Dde_0717 to Dde_0719). An additional protein for formation of formate dehydrogenases (Dde_0706) was also increased. These enzymes could be involved in the production of the small amounts of formate that appeared to accumulate in cultures of I2 (Table 2) or be functioning to consume formate. Since apparent increases in the same proteins were found in I2 fermenting pyruvate, we again suggest that the differential abundances resulted primarily from the lack of TpIc 3 and not from a difference in growth modes. In the case of fermenting cells, the differential protein abundances were in remarkable agreement with the transcription changes (see Tables S3 and S4 in the supplemental material). In parallel with the transcription data, the proteins CooS and CooC, needed for CO dehydrogenase formation (Dde_3028 and Dde_3029), were also significantly more abundant in I2, regardless of culturing conditions, although the accumulation of CO as an end product was not markedly higher in I2 ( Table 2 ).
Proteins that appeared to be decreased in abundance in I2 during sulfate respiration were two of the proteins encoded in the nine-gene region from Dde_1258 to Dde_1250 that includes genes for the enzymes for succinate production from pyruvate (Table 3 ). All nine proteins were identified in G20, but only five were found in I2, presumably because the abundance of the remaining four was below the detection limit. Although ratios were not meaningful for the four proteins not observed in I2, these four were apparently less abundant in the I2 extracts than in the G20 extracts. Similarly, in fermenting cells, the proteins encoded by the genes in this region were observed at lower frequencies in I2. The overall decrease in protein abundance for this metabolic pathway was in excellent congruence with the downregulation of the transcripts from these genes (Table 3 ) and the lack of succinate as an excreted metabolic end product (Table 2) .
Two hydrogenases, the [NiFeSe] and the [NiFe] isozyme 1 hydrogenases (Dde_2134 to Dde_2138), were more abundant in fermenting cells of I2 than in fermenting cells of G20 (Table 3) .
Changes in transcription of other hydrogenases (Dde_0081-0082, Dde_2280-2281, Dde_3755-3756) were not detected, and only one [Fe] hydrogenase subunit was identified.
To summarize, Fig. 3 shows the normalized relative protein abundances detected for enzymes in the major pathways of pyruvate metabolism in cultures of G20 and I2 growing on lactatesulfate or pyruvate medium. For the enzymatic steps illustrated, the isozymes putatively most abundant were chosen for the proteomic comparison; however, the abundances of other isozymes showed similar trends or no significant differences (see Table S4 in the supplemental material). Those enzymes already discussed as being increased in I2 were those for formate or CO metabolism, while those for succinate production from pyruvate were all strongly decreased, regardless of the growth substrates. Clearly, the isozymes with predicted activity for lactate or oxaloacetate metabolism were not found to be differentially accumulated in the mutant. Interestingly the enzymes needed for substrate-level phosphorylation from pyruvate (pyruvate ferredoxin oxidoreductase, phosphotransacetylase, and acetyl kinase) were not affected by the lack of TpIc 3 . However, the enzymes needed for this pathway in the fermenting cells, surprisingly, appeared to be about 2-fold decreased relative to those in cells respiring sulfate.
Finally, we explored the accurate mass tag and time protein data for any evidence supporting compensatory c-type cytochromes that might serve for electron storage or transfer in the absence of TpIc 3 . As expected, this c 3 cytochrome (Dde_3182) was more abundant in G20 (ϳ12-fold) than in I2, where peptides were at the limit of detection, possibly due to rare suppression of the CycA mutation. At least 14 c-type cytochromes were annotated in the genome and confirmed by predicted heme binding motifs in the protein sequences (data not shown). Only the level of the decaheme cytochrome (Dde_0580) was increased Ͼ3-fold in I2 compared with its level in G20 during sulfate respiration but not during fermentation. A putative cytochrome c 554 (Dde_2858) showed a significant increase of 4.4-fold in I2 fermenting cells; however, there was no increase in sulfate-respiring cells. The roles of these cytochromes in the electron circuitry of I2 remain to be determined.
DISCUSSION
The tetraheme cytochrome TpIc 3 found in Desulfovibrio strains has been predicted to be an electron donor or recipient for a large number of redox-active proteins. The periplasmic localization of c-type cytochromes (46) limits the functional interactions of TpIc 3 with colocalized proteins and those transmembrane complexes that are exposed to the periplasm. The isolation of D. alaskensis G20 mutants lacking TpIc 3 by plasmid or transposon interruption of the gene encoding TpIc 3 , cycA (22, 26) , established that this cytochrome is required for H 2 -or formate-supported growth with sulfate as the electron acceptor but is not essential for the reduction of sulfate when lactate is the source of electrons. The oxidation of lactate by Desulfovibrio strains produces pyruvate, which proceeds to be oxidatively decarboxylated, with acetate ultimately being excreted. In our culture of the CycA mutant I2, about 88% of the electrons from the metabolism of lactate to acetate were accounted for in the sulfide measured (Table 2) . Therefore, elec- Table 4 . ND, no protein was detected.
trons from the intermediate pyruvate oxidation step appeared in sulfide. The observation that the electrons from pyruvate did not support sulfate reduction with pyruvate as the source of carbon and electrons for I2 was unexpected. Proteomics analyses indicated that the proteins needed for sulfate reduction to sulfite, i.e., sulfate adenylyltransferase (Dde_2265), APS reductase (Dde_1109 and Dde_1110), and the associated Qmo transmembrane complex (Dde_1111 to Dde_1113), were abundant in both wild-type G20 and the mutant lacking TpIc 3 , even when fermenting pyruvate (Table 3) . Thus, the lack of sulfate reduction with electrons from pyruvate by I2 did not result from the absence of the enzymes for the process. Also, proteins for bisulfite reduction were present and not differentially affected by the cycA mutation, and sulfite could be reduced with pyruvate as the electron donor (data not shown). We suggest that some of the electrons from pyruvate oxidation may travel to the periplasm, where they enter the cytochrome c 3 pool before returning through transmembrane complexes for sulfate reduction (Fig. 4) .
The question then becomes whether there are two routes for the electrons from pyruvate in D. alaskensis G20. We would suggest that the growth properties of this mutant that we observed are consistent with this possibility (Fig. 4) . The recent proposal that the transmembrane complex QmoABC participates in a confurcation of electrons to APS reductase for bisulfite production (45, 47, 48) provides a feasible explanation of the phenotype of the I2 mutant. In that scheme, reduced menaquinone (E 0= menaquinol ϭ Ϫ75 mV) in partnership with an electron donor of lower potential would be needed to overcome the membrane potential and provide electrons to APS (E 0= APS/ HSO 3 Ϫ ϭ Ϫ60 mV). We propose that the electron donor partner is reduced ferredoxin (E 0= , ca. Ϫ500 mV) produced from pyruvate: ferredoxin 2-oxidoreductase, the primary enzyme for pyruvate oxidation.
When lactate (E 0= ϭ Ϫ190 mV) is the growth substrate for G20 (Fig. 4A) , lactate dehydrogenase (12), the membrane-bound flavoprotein, may deliver electrons directly to menaquinone, producing the menaquinol needed for the confurcating QmoABC complex to bring about APS reduction. The pyruvate resulting from lactate oxidation produces reduced ferredoxin, which may provide the second source of electrons to the QmoABC complex. From the metabolites accumulated in lactate-sulfate cultures (Table 2), reduced ferredoxin could be oxidized at a transmembrane conduit where the electrons are provided to periplasmic c-type cytochromes, hydrogenases, and/or formate dehydrogenases. The cytochrome pool, hydrogen, and/or formate could act as a temporary sink of reductant and the source of electrons for the Qrc complex that is an alternative entry of electrons to the menaquinone pool.
When wild-type G20 is given pyruvate as the sole source of carbon and electrons with sulfate as the terminal acceptor (Fig.  4B) , lactate dehydrogenase no longer supplies menaquinol for the confurcating QmoABC complex for sulfate reduction. We propose that a portion of the electrons from pyruvate must enter the periplasm and the cytochrome c pool, especially targeting TpIc 3 . That cytochrome then delivers electrons to the QrcABCD transmembrane complex, which has been shown to be capable of reducing menaquinone and is necessary for sulfate reduction (21, 22) . The menaquinol produced by QrcABCD reduces the QmoABC complex. The remaining reduced ferredoxin could be directly oxidized by the QmoABC complex as the second Table 2) . Menaquinol is produced by either route a or b or both route a and b (indicated in blue) in the model. (B) Wild-type cultures with pyruvate-sulfate medium where small amounts of reductant are produced as hydrogen (9%) and formate (9%). Menaquinol is produced by electrons delivered to the Qrc complex by the TpIc 3 by route a. (C) CycA mutant cells with pyruvate sulfate medium unable to generate menaquinol by either route a or b and, therefore, not able to use reduced ferredoxin for reduction of APS. Reductant appears in hydrogen (88%) and formate (12%). In this model, the abbreviation of TMC is used as a generic term for an unidentified transmembrane complex. FDH, formate dehydrogenase; Hase, hydrogenase; MQ, menaquinone; Fd, ferredoxin; PPi, inorganic pyrophosphate. source of electrons during confurcation for delivery of reductant to APS reductase accomplishing sulfate reduction.
Finally, when I2 (lacking TpIc 3 ) is provided with pyruvate and sulfate as growth substrates (Fig. 4C) , menaquinol is not available from either the lactate dehydrogenase or the QrcABCD complex; therefore, QmoABC is unable to carry out confurcation. Reduced ferredoxin would be produced but could not be oxidized by the QmoABC complex without the second source of electrons. The reduced ferredoxin would need to be reoxidized by an unidentified transmembrane complex releasing electrons to the periplasm, where they are quantitatively used for the production of hydrogen and formate as the pyruvate is consumed.
It must be remembered that Desulfovibrio strains differ widely in the array of electron carriers and their energy conversion pathways (14) . As a result, the phenotypes resulting from mutations of a component of electron transfer in G20 may not extrapolate to other Desulfovibrio species.
In addition to sulfate respiration capacity, G20 is among several Desulfovibrio species which are able to disproportionate fumarate (49) . The observations that I2 could not grow by fumarate disproportionation or produce detectable succinate when oxidizing lactate or pyruvate (Table 2) were not anticipated. Dde_1258 through Dde_1253 (as transcribed) are proposed to form a single operon encoding fumarate reductase, fumarate hydratase, and an isozyme of malic enzyme sufficient for succinate production from pyruvate. The inability of I2 to metabolize fumarate appears to be a direct result of the decrease in both transcripts and proteins from these genes ( Fig. 3; Tables 3 and 4) . The intriguing question then becomes how the elimination of TpIc 3 causes a decrease in expression of these genes.
Regulation of transcription of the genes for fumarate reduction in other bacterial systems has been shown to be mediated by the FNR protein, a global regulator mediating gene expression for adaptation to oxygen-limiting conditions (50) . The G20 strain has four paralogs of CRP/FNR proteins (51), yet none of these paralogs has an amino acid sequence necessary for formation of a 4Fe-4S center, the cofactor of FNR sensing oxidative changes (50) . The paralog in D. alaskensis G20 that has the highest homology to FNR of E. coli (27% identity and 49% similarity over 92% of the protein), Dde_2644, has no cysteine residues, leaving the involvement of this protein doubtful. In an attempt to identify another possible regulator, a search of open reading frames flanking the genes for fumarate reduction in G20 revealed genes encoding a putative histidine kinase sensor and a response regulator (Dde_1261 and Dde_1260, respectively). Preliminary evidence from a transposon mutant with a mutation in the histidine kinase gene supported a role for this two-component regulator in controlling expression of fumarate reductase, but the signal for expression changes remains to be determined.
Finally, the data presented here are consistent with the hydrogen cycling model for energy metabolism of G20 growing with pyruvate but not lactate (15, 16) . A portion of the electrons released from pyruvate oxidation likely travels from the cytoplasm to the abundant periplasmic TpIc 3 by a transmembrane complex or complexes linked to proton pumping, effectively moving hydrogen equivalents to the periplasm. With sulfate available as the terminal electron acceptor, reduced TpIc 3 delivers electrons to the transmembrane QrcABCD complex (23) . Depending on the rate of oxidation by the Qrc complex, reduced TpIc 3 could be used to form small amounts of hydrogen or formate. The inner membrane QrcD subunit reduces the menaquinone pool, producing menaquinol that can be oxidized by the Qmo complex. The latter has been shown to be required by all electron donors for transfer of electrons to APS reductase, the enzyme responsible for the first two-electron reduction step of sulfate (20) . The fact that the mutants of G20 lacking TpIc 3 or QrcA cannot grow on pyruvate, formate, or H 2 with sulfate as the terminal electron acceptor supports the flow of electrons suggested. The observations made here, however, do not provide direct evidence that the electrons move from the cytoplasm as molecular H 2 during this process.
